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Dispersion of quantum well states in CUCo/Cu(002)
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Quantum well statesQWS’s) in Cu thin films grown on Co/C@01) were studied using angle-resolved
photoemission spectroscopy. For the normal photoemission, QWS'’s from both lower and higher energy bands
relative to the vacuum level were measured, and explained by phase accumulation method. QWS's from the
lower band were studied in detail as a function of the in-plane mometgumte found that the QWS
dispersion depends on the Cu film thickness. From the experimental data, we deduced the quantized perpen-
dicular momentunk, and the energy as a functionkjf. Our results show that the in-plane effective mass can
not be obtained by a simple parabolic fitting of tBevs k; due to the dependence kf onk; .
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[. INTRODUCTION ing the in-plane effective mass from the parabolic shape of
the QWS dispersion near the normal direction. As we show
Electrons inside a metallic thin film experience confine-in this paper, a little change ik, has a dramatic effect on
ment in the normal direction of the film to form quantum the dispersion of the QWS. Therefore a simple fitting to the
well state¥QWS’s).! There has been a great interest recentlyParabola QW dispersion will not give the correct in-plane
to study the QWS’s and the associated new properties ifffective mass.
low-dimensional systems. It was found that QWS'’s play a In this paper, we report the QWS study using angle-
key role in a number of important phenomena such as théesolved photoemission spectroscyRPES for the Cu/
oscillatory interlayer coupling® the magnetic anisotrofy, C0/CU100 system. First, QWS’s in the normal direction
and the stability of magic thickneSstc. For QWS's below Wwere studied for both the lower and upper energy bands rela-
the Fermi level E;), photoemission provides the most di- tive to the vacuum level. Using the PAM model, we can
rect measurement. In particular, the QWS in the normal didescribe the QWS in both bands as a whole. Second, QWS's
rection of the film k,=0) has been well studied and can be With different in-plane momentum were studied near the nor-
understood quantitatively by the so-called phase accumuldnal direction. We found that the QWS dispersion depends on
tion method(PAM).6~8 One striking feature associated with the Cu film thickness and that the quantizedchanges with
QWS'’s in metallic thin films is that the QWS energy below the in-plane momenturk . The latter has a dramatic effect
the vacuum leveincreaseswith the film thickness due to the 0n obtaining the in-plane effective mass of the electron.
envelope modulation of the electron wave function by the
lattice pote_ntiaP. Th.is resylt implies that QWS energy should Il EXPERIMENT
decreasewith the film thickness for the energy band above
the vacuum level because of its oppodiiek dispersion as A Cu(00)) single crystal was prepared by mechanical pol-
compared with that below the vacuum level. This is the firstishing down to 0.25zm diamond paste followed by electro-
issue we will discuss in this paper. chemical polishind® Then the Cu substrate was cleariad
Another issue we will address is the QWS off the normalsitu with cycles of Ar ion sputtering at 1.5 keV and annealing
direction. In the Cu/Co/Qi001) system, which is one of the at 600—700°C. The Co and Cu films were grown at room
representative systems for QW study, QWS'’s off the normatemperature by molecular-beam epitaxy. The growth rate was
direction were studied in detail only near the neck of themeasured by a quartz crystal oscillator. The base pressure
Fermi surface because of its relation to the short period oswas about X 10~ 9 torr, and the pressure during the growth
cillations of the interlayer couplintf, Curti et al. found that ~was about 1.410 ° torr. An 8-monolayer(ML) Co film
the dispersion of QWS's is strongly influenced by the energywas grown on C(D01) to serve as the ferromagnetic sub-
gap of the substrate, and exhibits a flat dispersion near th&trate. Then a Cu wedge of a slope 86 ML/mm was
neck of the Fermi surfac®. For QWS’s near the normal grown for the QWS study.
direction, the in-plane dispersion was usually used to deter- X-ray photoemission measurement was performed at
mine the in-plane effective mass of the electron using a parabeamline 7.0.1.2 of the Advanced Light Sou(éé.S) at the
bolic fitting. It was found that the in-plane effective mass inLawrence Berkeley National Laboratory. The small beam
the Ag(111) system has a strong dependence on the substrasize (~50 um) gave a thickness resolution0.3 ML on the
as well as the binding enerd¥*?To our best knowledge, the wedged sample. 83-eV photon energy was used to select the
dispersion of QWS's in Cu/Co/Q001) has not been studied electronic states near the belly of the Cu Fermi surface. The
in detail. Since the energy gap of the Co substrate depengshotoemission electrons were collected by a Scienta
on the in-plane momentui,one has to be careful in obtain- SES-100 analyzer which simultaneously measures the energy
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(a) (b) behavior of the QWS of the lower band. This can be quali-

, tatively explained by the opposité-k dispersion of these
two energy bands. Another feature associate with the upper
band QWS is that the QWS energy approaches a particular
1 10 energy level at thicker Cu thickness. This energy corresponds
{9 to the upper edge of the energy gap at the BZ boundary for
bulk Cu.

To quantitatively understand the QWS from these two

15 200 5 10 15 20 bands as a whole, we calculate the position of the QWS
Cu thickness d,(ML) using the phase accumulation methad which the quanti-
zation condition is given by

FIG. 1. Photoemission intensity normal to the film surfake (
=0) as a function of the Cu film thickness and the electron energy.
(a) Lower band below the Fermi levelb) Upper band above the

vacuum energy level. The dotted curves are calculated results from . .
the PAM. o Herek, is the electron momentum along tf@01] direc-

tion, andkﬁ“f:sz—kl is the effective momentum witkg;
and angular spectra. The angular resolution of the detector %elng the BZ vector:j)B and ¢¢ are.the phase gains of the
~0.2°. To measure the QWS above the vacuum level, se& ectron wave function upon reflection at the Cu/vacuum and
ondary low-energy electrons were measured with a negativgoécqt;]ntfrf?ies’ r|e5||3etct|vely. (\jNe “g‘;.the stz;m%exrl)resswn
40-V voltage applied to the sample to accelerate the emissigf >Mith et al. to caicula ed’.B an ¢C.' Ince the L.u elec-
electrons. trons are confined by Co minority spin band gap, we take the
upper Ey) and lower E,) energies of the potential well
from the energy gap of the Co minority spin band along the
ll. RESULTS AND DISCUSSION [001] direction (for the lower band,E,=-0.58eV, E,
=3.9eV; for the upper bank =9.6 eV, E, =2.5eV)°
The nearly free-electron model is used to describeBHe
The Cu energy bands along thexX direction with A;  dispersion for both the lower and the upper energy bands,
symmetry consists of twep bands near the vacuum level i.e.,

with the lower band crossing the Fermi level and the upper

2k, — pc— pg=27v, wv=integer number. (1)

A. Normal photoemission

band~8 eV above the vacuum levél7*® These two bands ekt ek 2kg,

come from band folding with an energy gap opening at the E(k)= ————

Brillouin-zone (BZ) boundary. Electrons from both bands

should experience quantum confinement due to the presence Ek—Ek_oko\° [E.\2 72K2

of the minority spin energy gap of the Co film. Figuré)l + ( o —g) with g =—.
shows the photoemission intensity as a function of the elec- 2 2 2m;

tron energy belovEg and the Cu film thickness. Similar to 2
our previously reported result, the energy increases with the

Cu thickness with~5.6-ML oscillation periodicity atEg. HereE, is the energy gap at the BZ boundary, anfl is
Because the upper band is above the Fermi level, measurghe effective mass of the electron along the normal direction.
ment of the unoccupied states is needed. Angle-resolved infFhe “+” and “ —” signs in Eq. (2) represent the upper and

verse photoemission spectroscdRIPES is usually used |ower energy bands, respectively. The Fermi wave vektor

to measure the unoccupied states, but it is not efficient foean be obtained from the QW oscillation periodicity at the
states too far abovE . For states far abovEg, especially  E_ in Fig. 1(a), i.e., 7/|kgz;— k| =5.6 ML. This yields the
above the vacuum levée.g., the Cu upper band in this pa- value ofke=1.43 A~ which is very close to the literature
pen, angle-resolved secondary electron emission spectrosglue of 1.44 A11° Using Egs.(1) and (2), we fitted the
copy (ARSEES has been employed. For example, Let\al.  photoemission data for both the upper and lower energy
used ARSEES to determine the energy band of graphite up f9ands with, andm? as the fitting parameters. The fitting
20 eV above Er which is not accessible by inverse (dashed lines in Fig.)lagrees reasonably well with the ex-
photoemissiort! To eliminate the influence of the residual perimental results, and yields the valuesEgf=6.8 eV and
magnetic field on the low energy emission electrons, a Negdn* — 1.14m, (m, is the free-electron massThis proves that
tive voltage is usually applied to the sample to accelerate thg,o nearly free-electron model and the PAM describes rea-

emission electrons though this may sacrifice a little bit of thesonably well the QWS along the normal direction for both
angular resolution. In fact, such method was successfully,q |ower and upper energy bands.

used to determine the Cu energy at ¥epoint® as well as
the QWS in the Cu/Co/G001) system® Figure ib) shows
the photoemission intensity using such experimental method.
The QWS of the upper band can be clearly seen as a function The in-plane dispersion of the QWS was measured using
of energy and the Cu thickness. The energy of the QWS\RPES around the normal direction of the film. Figure 2

decreases with the Cu thickness, which is opposite to thehows the typical spectra as a function of the energy and the

B. QWS dispersion and in-plane effective mass
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FIG. 2. The QWS energy versus the in-plane
momentumk; at different Cu thickness(a) 3.3
ML, (b) 7.1 ML, (c) 10.3 ML, (d) 15.2 ML, and
(e) 19.6 ML. The dashed lines are results of para-
02 00 02 -02 00 02 -02 00 02 -02 00 02 -02 00 02 bolic fitting, andv is the QW index.

In-plane momentum k , ( A?)

in-plane momentum at several Cu thicknesses. The QW$ith k, depending ork; andm? =1.14m, (see Sec. Il A.
index v was labeled in Fig. 2. There are several characteris- Thus with Eq.(4) and the phenomenological formula Eq.
tics that can be seen immediately. First, all QWS’s exhibit(3), it is easy to show that

parabolic shape dispersion as a function of the in-plane mo-

mentumk, . Second, the QW dispersion depends strongly on k% =2m*Eo/fi%+m* (1m* "= 1/m* )k?
the Cu film thickness. For example, the QWS's exhibit
nearly flat dispersion below 4-ML Cu and gradually develop or k ~ kf +m* (L fit _ Um? )kf/ZkE, (5)

into the parabola shape as the Cu thickness increases. This

trend can be clearly seen for QWS's near the energy Ofyherek? is the value ofk, atk,=0. It is clear thatm*™

—0.85 eV at different Cu thickness. It should be mentioned_ . -

. ) . =m; only whenk, does not depend ok,. Otherwise a
that the observed flat dispersion below 4-ML Cu is not asso-,_ ' . . . ! i
ciated with the Cal band [\)/vhose energy is above).85 eV. quadratic dependence 6 on k; is expected, andn"

. #mr .
The quadratic dependence of the QW energkpcan be I . . .
mathematically expressed as To obtain the in-plane effective mass correctly, we need to

determine thé, as a function ok, experimentally. This was
E(k) = En+ f2Kk2/2m* fit 3 dqne by two st_eps. Flrgt, we measure the QWS versus the Cu
(ki)=Eo i< @ thickness at different in-plane momentu (Fig. 3). The

In the literature,E, andm* ™ are used as fitting parameters Value ofk, at any given energy can be obtained from the

and the fitting result ofn* ™ was interpreted as the electron thickness oscillation periodicity of the QWSee Eq.(1)].

in-plane effective mack 1220 Following the literature, we This procedure basically determines tek, relation (en-
performed the fittingdashed lines in Fig.)2n the range of €9y band at different in-plane momenturk . Figure 3d)
—0.3<k,<0.3 A1 and obtained the value O.hﬁcfit for all  Shows theE-k, relation obtained in this way at three repre-

the QWS'S[Fig. 4(b)]. The flat dispersion in Fig.(d) for Cu ~ Sentativek; values. Second, for a given QWS of indexn
thickness below 5 ML yields a value af* ™ at least greater Fig. 2, we trace_ the QWS energy at dlfferek@ta_md obtain
! the corresponding, value from theE-k, relation of the

than 10n.. For other QWS's, the mathematical uncertalntyﬁrst step. In this way, we determined thke-k; relation for

* fit fiegs ; ) * fit ;
of themj  fitting is about=5%. The value o™ obtained QWS of indexv. Figure 4a) showsk, versusk, for several

in this way decreases with the Cu thickness. T e
The good fitting in Fig. 2 proves the quadratic dependencgws s with similar energies§~ —0.85 eV). The reason to

of the QWS energy on thk,. Such quadratic relation can
also be argued from the symmetry of tf@01) surface that
the QWS energy should be invariant with respect to the ac-
tion of k; to —k; so that to the lowest order expansion the
QWS energy should depend quadratically lgn Therefore
Eq. (3) should be correct phenomenally. However, the as-
signment of the fitting parametemﬁ”'t to the electron in- ; ;
plane effective mass actually preassumed thadoes not 10 15 200 5 10 15 2
vary withk, . This assumption is correct only when the phase Cufuckness (ML) Cwdiickrissi(ML)
¢c and ¢ do not depend oR; [see Eq(1)]. As pointed out 0.0 ;2100
in Ref. 10, the Co energy gap varies with the in-plane mo- ]
mentum, and thus the phagg andk, in Eq. (1) should
change accordingly. Therefore the good fitting results in Fig.
2 only prove that Eq(3) is a correct phenomenological for-
mula, it does not guarantee tharty fit equals the electron
in-plane effective massi* , i.e.,m*™
as a mathematical fitting parameter.
To explore the connection between the fitting parameter

my fitin Eq. (3) and the electron in-plane effective mas$ ,

E-E, (eV)

200 os

E-E, (eV)

A Ry -1.0

’ / -15
, ©f S @

should be treated only 0 5 10 15 2011 12 13 14
Cu thickness (ML) k, (&Y

FIG. 3. (a)—(c) Photoemission intensity as a function of the Cu
film thickness and the electron energy @ k,=0A"1, (b) k

the following general formula should be used: =0.22 A1, and(c) k,=0.39 A~*. (d) The electron energy versus
k, (energy bandsobtained from(a)—(c) at the corresponding .
E(k, ’ku):hzkflsz +h2kf/2mﬁ‘ 4 The numbers are the QW index
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FIG. 4. (a) The normalized wave vectds, as a function ok
from QWS’s with similar energiesH~ —0.85 eV) and different
index v. The solid lines are from parabolic fittingp) The in-plane
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plane effective mass. The reason is that the quantized
varies withk;. k;, would be independent df, if the QW
potential barrier were infinitely high, but such a situation
does not occur when a substrate provides the QW potential.
In fact, such effect from the substrate has already been ob-
served in experiments where the in-plane QW dispersion is
significantly different for thin films of the same element
grown on different substratés!2Electronic hybridization at
the interface between the QW thin film and the substrate was
suggested to account for the above observations.

For the case of Cu/Co/Q001), tight binding calculation
shows that the minority spin energy gap of the fcc Co de-
creases with increasingk, and crosses zero ak;
~0.45 A~1.%° From the PAM, the phase at the Cu/Co
interface depends on the Co energy gap, and thus a variation

effective mass versus the Cu film thickness. The solid dots are thsf the Co energy gap witk, should change the quantizéd

fitted in-plane effective massi* ™

plane effected mass| corrected using Eq4).

, and the open dots are the in-

accordingly. Noting that the QW phase changes from zero to
—1r as the energy changes from the upper to the lower edges
of the substrate energy gap, the valuedyf at the same

choose the same QW energy is to eliminate the possible e
ergy dependence of the effective mass so that we can co
pare thek, -k, relation for different indexv. As shown in
Fig. 4@, thek, has different dependence &npfor different
index», and the quadratic dependencegofonk; [Eq. (5)]

can be clearly seen.

After obtaining thek, -k, relation, we can derive the in-
plane effective massif using Eq.(4). The results ofn} for
different QW indexw are shown in Fig. é). The results of
m"ff" from a simple parabola fitting using E3) are also IV. SUMMARY

shown in Fig. 4b) for comparisonmy ™ for »=1 is omitted The QWS’s in the Cu/Co/G001) system were studied

because it is too large. Figurébl clearly shows that there is  using ARPES. For the normal photoemission, QWS’s from
a significant difference betweem™ and m¥ . From the both the lower and upper bands were measured and ex-
analysis above, this difference comes from the dependengdained using the PAM. The QWS dispersion as a function of

of k;, onk;. Itis interesting to note that a small variation in the in-plane momenturk; was investigated in detail. Our

Ié'nergy should decrease as the Co energy gap decreases with
%_ On the other hand, botkh. and ¢g increase with the
energy[see Egs(2) and(3)] in Ref. 3. The overall change of

k, as a function ok, depends on the competition between
the Co gap variation and the QW energy change. Neverthe-
less, the dependence lof onk; should have the same trend

for all QW indexesv.

k, could cause a big difference betweeti™ andm? . For
example,~4% change ink, causes~50% difference be-
tweenm™ and m¥ for »=2 QWS, and thev=1 QWS
effective massm;® is about 0.6, though the QW disper-
sion is virtually flat. Another fact is that the* ™ decreases
with the Cu thickness, but the corrected effective mags

varies little with the Cu thickness.

C. Discussion

results show that the in-plane electron effective mass cannot
be obtained by a simple parabolic fitting. The dependence of
k, onk has to be considered to abstract the correct in-plane
effective mass.
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